A Klebsiella pneumoniae WL-5 with the capability of decolorizing several recalcitrant dyes was isolated from activated sludge of an effluent treatment plant of a textile and dyeing industry. This strain showed a higher dye decolorization under static condition and color removal was optimal at pH 6-8 and 30-35 o C. More than 90% of its color of Congo Red were reduced within 12 hr at 200 μM dye concentration. Malachite Green, Brilliant Green and Reactive Black-5 lost over 85% of their colors at 10 μM dye concentration, but the percentage decolorization of Reactive Red-120, Reactive Orange-16, and Crystal Violet were about 46%, 25%, and 13%, respectively. Decolorizations of Congo Red and triphenylmethane dyes, such as Malachite Green, Brilliant Green, and Crystal Violet were mainly due to adsorption to cells, whereas azo dyes, such as Reactive Black-5, Reactive Red-120, and Reactive Orange-16 seemed to be removed by biodegradation through unknown enzymatic processes.
Introduction
Triphenylmethane and azo dyes are used widely in textile, paper, leather, cosmetics, and food industries. These dyes are generally xenobiotic compounds which are rather recalcitrant to conventional sewage treatment systems [2, 3] . Since most of them have mutagenic or carcinogenic effects [4] , industrial effluent containing these dyes must be treated before it is discharged into the environment. The biological processes by microorganisms have received considerable attention for the treatment of dye-containing wastewater, because they are cost-effective and environmentally friendly, and don't produce large amount of sludge, compared with physical and chemical methods [3] .
To date, many bacterial strains capable of decolorizing triphenylmethane and azo dyes have been reported and their characteristics have been reviewed [2, 3, [7] [8] [9] [10] [11] . With exception of the decolorization of dyes by Pseudomonas pseudomallei 13NA [16] , Citrobacter sp. [1] , and Aeromonas hydrophila strain [11] , there are no reports on the decolorization of both triphenlymethane and azo dyes by a single species of bacterium. Therefore, much work is still required to isolate new microorganisms applicable to biodegradation of a wide range of structurally different dyes and to study their physiology, in order not only to understand the mechanisms underlying dye biodegradation, but also for biotechnological purposes.
In the course of our screening programs capable of decolorizing azo as well as triphenylmethane dyes, we have isolated a bacterium, identified as the Klebsiella pneumoniae, which is capable of decolorizing these dyes. This paper describes the isolation and characterization of Klebsiella pneumoniae WL-5 with the capability of decolorizing triphenylmethane and azo dyes. ing Biolog GN2 microplate (Biolog, CA, USA) and analysis of 16S rDNA sequences as described previously [1] .
Materials and Methods

Decolorization of dyes by growing cells
The were dried at 80 o C for 24 hr to measure dry weight of the cells. The supernatants were used as samples for decolorization assay. Decolorization assay was performed using a scanning spectrophotometer (Ultrospec 3000 UV/VIS, Pharmacia, Sweden) and expressed in terms of the percentage decolorization by the same method as described previously [1] . All experiments were conducted in triplicate.
Cell growth was monitored by measurement of optical density of culture medium at 600 nm.
Effects of physicochemical factors on decolorization
Precultured cells were inoculated at 1% (v/v) into 500 ml flasks containing 100 ml LB medium with 50 μM RB-5, and incubated at various temperatures or in the same me- Lignin peroxidase activity was determined by monitoring the formation of propanaldehyde at 300 nm containing 100 mM 1-propanol, 250 mM tartaric acid, 10 mM H2O2 in 2.5 ml reaction mixture [12] . Laccase activity was determined spectrophotometrically as the absorbance increase at 420 nm of 10% ABTS in 100 mM sodium acetate buffer, pH 4.9 [6] . Tyrosinase activity was determined by the formation of catechol quinone at 410 nm in a reaction mixture containing 0.01% catechol in 0.1 M potassium phosphate buffer (pH 7.4) in 2 ml reaction mixture [17] . Azoreductase activity was determined spectrophotometrically by monitoring NADH disappearance at 340 nm as described previously [18] . NADH-DCIP reductase activity was determined by the procedure reported previously [8] .
Results and Discussion
Isolation and characterization of dye-decolorizing bacteria Three bacterial strains capable of decolorizing RB-5 were isolated from activated sludge of the effluent treatment plant of a textile and dyeing industry. Among these bacteria, one strain (no. WL-5), which had the highest decolorization ability against RB-5, was selected for further study. This isolate was a gram-negative, straight rod, motile and physiological test indicated that the strain WL-5 was a member of the genus Klebsiella pneumoniae.
Moreover, the phylogenetic analysis of strain WL-5 using its 16S rDNA sequence data showed this strain had the highest homology (98%) with K. pneumoniae (X87276). Therefore, this strain was named K. pneumoniae WL-5.
K. pneumoniae WL-5 showed a higher dye decolorization under static condition although cell growth was comparatively faster under shaking condition (Fig. 1) . This is consistent with the recent reports describing decolorization of azo dye by Shewanella decolorations S12 [15] and S. putrefaciens AS96 [9] . At temperatures of 30-35 o C, decolorization rate was two times faster than that at a range of 20-25 o C and the optimal pH for decolorization ranged from 6 to 8. K. pneumoniae WL-5 showed the most effective decolorization rate in the presence of yeast extract or peptone, like S. putrefaciens AS96 [9] , while glucose resulted in lower decolorization activity, like S. decolorations S12 [15] (Fig. 2) .
Decolorization of triphenylmethane and azo dyes by K. pneumoniae WL-5
Decolorization of various dyes under static condition by The variation in decolorization between three replicas was 0.01 to 0.16%. Table 1 . The cell mass of K. pneumoniae WL-5 cultures grown for 12 hr after addition of each dye was almost similar by about 0.6-0.8 g/l (dry weight). In the case of azo dyes tested, K. pneumoniae WL-5 showed the highest decolorization capability against Congo Red (diazo group): even at 500 μM, more than 80% of color was removed in 12 hr. In addition, K. pneumoniae WL-5 was able to decolorize RB-5, RR-120 (diazo group) and RO-16 (monoazo group) by more than 88%, 46% and 25%, respectively, at 10 μM. This strain completely decolorized 50 μM of RB-5 within 72 hr under static conditions at 37 o C (Fig. 3) . Khalid et al. [11] reported that S. putrefaciens AS96 completely decolorized 100 μM of RB-5 within 6 hr under static conditions at 35 o C. On the other hand, in the case of Fig. 3 . UV-visible spectral scans (300-800 nm) showing color removal of crystal violet by K. pneumoniae WL-5. After cultivation for defined intervals in LB medium containing 50 μM RB-5 under static condition, samples were centrifuged at 10,000× g for 10 min and then decolorization of supernatants was monitored using a scanning spectrophotometer.
K. pneumoniae WL-5 is shown in
triphenylmethane dyes tested, K. pneumoniae WL-5 was able to decolorize BG and MG by more than 96% and 87%, respectively, at 10 μM, whereas less than 13% of CV was decolorized by this strain at the same concentration. This may be due to differences in the chemical structure of the dyes, as reported in other bacteria [1] [2] [3] 11] . Especially
Crystal Violet was found to be toxic to cell growth even at a dye concentration as low as 10 μM.
Mechanism of microbial decolorization
Decolorization of the dye solution may take place in two ways, either adsorption on the microbial biomass or biodegradation of the dyes by the cells [1] [2] [3] . Dye adsorption may be evident from inspection of the bacterial growth; those adsorbing dyes will be deeply colored, whereas those causing degradation will remain colorless.
While K. pneumoniae WL-5 cells cultured under static condition for 12 hr with CR, MG, BG, and CV were stained the respective colors. This result indicates that decolorization of these dyes was mainly due to adsorption to cells.
On the contrary, the cells cultured with RB-5, RR-120, and RO-16 under the same conditions remained colorless during the process of decolorization, suggesting K. pneumoniae WL-5 removed these dyes through biodegradation, as reported previously [2, 3] .
Previous studies on bacterial decolorization of azo dyes have primarily focused on the biodegradation of dyes by azoreductase that catalyzes reductive cleavage of azo bonds (-N=N-) [3, 13] . Very recently several reports have shown that oxidative enzymes (lignin peroxidase and laccase), tyrosinase and NADH-DCIP reductase are responsible for dye decolorization in bacteria [5, 7, 8] . The result of enzyme assay using cell free extract of K. pneumoniae WL-5 did not show the activities of these enzymes (data not shown). Only intracellular NADH-DCIP reductase was found to be present in the control cells without dye addition, but induction of the enzyme activity was not observed in the cells after decolorization. This indicates that unknown enzymatic processes except these enzymes are involved in decolorization process by K. pneumoniae WL-5.
In conclusion, the present study have shown here that K. pneumoniae WL-5 isolated from activated sludge of an effluent treatment plant of a textile and dyeing industry is capable of decolorizing triphenylmethane and azo dyes.
Decolorization efficiency was higher under static condition. Mechanisms of decolorization were different according to dye structures.
